Folds of dura mater, the falx cerebri and tentorium cerebelli, traverse the vertebrate endocranial cavity and compartmentalize the brain. Previous studies suggest that the tentorial fold has adopted an increasingly important role in supporting the increased load of the cerebrum during human evolution, brought about by encephalization and an adaptation to bipedal posture. Ontogenetic studies of the fetal tentorium suggest that its midline profile rotates inferoposteriorly towards the foramen magnum in response to disproportionate growth of the cerebrum.
Introduction
The dural folds of meningeal dura mater traverse the endocranial cavity and structurally support, as well as compartmentalize, the brain by bridging different elements of the skull Moss, 1958 Moss, , 1963 Klintworth, 1967 Klintworth, , 1968 Bull, 1969; Friede, 1981) . As such, differential expansion amongst the brain compartments during development and evolution, and the consequent effect of this on dural fold morphology, are integral to our understanding of the mechanical influences of brain growth on the skull. In this paper, the relationship between the tentorium cerebelli and the human fetal brain is investigated. This framework is subsequently used to explore the wider implications for studies of encephalization (brain growth).
The tentorium cerebelli is of particular interest with regard to enlargement of infratentorial and supratentorial parts of the brain, approximating the cerebellum plus brainstem and cerebrum, respectively. This dural fold varies considerably amongst mammals, typically consisting of two bilateral meningeal sheets separated by the brain in small mammals and a single fused sheet above the cerebellum in larger mammals (Klintworth, 1968) . Amongst adult carnivores and cetaceans, the tentorium is also often partially or completely ossified, resembling bone formation in the endosteal dura mater (Klintworth, 1968; Nojima, 1988) . The modern human tentorium is fused along the midline, has the largest surface area in relation to body size amongst mammals and occasionally exhibits modest degrees of mineralization, though not explicitly ossification (Bull, 1969; Saldino & Chiro, 1974; Lang, 1991) . The large surface area, which covers the contents of the posterior cranial fossa, is anchored to the cranial base and is continuous with the falx cerebri superiorly and falx cerebelli inferiorly. This configuration furnishes infratentorial components of the human brain with some degree of mechanical independence from supratentorial parts, by partially dissipating the incident load of the cerebrum directly to the cranial base via the tentorium and to other parts of the skull via the falx cerebri (Bull, 1969) . The importance of this weight-bearing role played by the human tentorium is widely recognized in the clinical literature (e.g. Mayer, 1920; Osborn, 1977; Ropper, 1986 Ropper, , 1989 Inao et al. 1993; Fisher, 1995; Wijdicks & Miller, 1997) .
Previous studies suggest that the hominin tentorium adopted an increasingly important role in supporting the phylogenetic increase of supratentorial brain load resulting from cerebral growth (Klintworth, 1967; Bull, 1969) . Disproportionate increases of the supratentorial brain, in particular the cerebrum, compared with the infratentorial brain, have been noted across extant primate species (e.g. Stephan et al. 1981; Semendeferi et al. 1997; Rilling & Insel, 1998; Semendeferi & Damasio, 2000) . These interspecific findings demonstrate that differential growth of the cerebrum is greatest amongst the hominoids, and point to a general evolutionary trend of increasing supratentorial load. With specific regard to human evolution, Bull (1969) suggests that the overall load incident on the tentorium was further increased with additional expansion of the cerebrum, especially the occipital lobes, and the adoption of obligatory bipedalism, thereby shifting more of the gravitational load of the cerebrum (i.e. weight) directly onto the surface of the tentorium. Indeed, the modern human skull demonstrates bony morphologies at the attachments of the dural folds to the skull, for example at the petrous crests, which are augmented in comparison with those of other primates and are consistent with an increased loading regime on the tentorium cerebelli (Moss, 1958; Aiello & Dean, 1990) .
Not surprisingly, the tentorium does not remain entirely unperturbed by the forces incident upon it.
The midline ridge of the tentorium is more inferoposteriorly orientated towards the foramen magnum in modern humans than it is amongst non-human primates and mammals in general (Huxley, 1863; Klintworth, 1968; Bull, 1969) . With this in mind, Bull (1969) hypothesized that while the human tentorium partly dissipated the overall load brought about by phylogenetic differential growth of the cerebrum and an adaptation to bipedalism, it also responded to this load and pivoted inferoposteriorly about its anterior attachments towards the foramen magnum. This, in turn, would have altered the nature of load distribution across the skull, giving feedback into the interplay between load dissipation, tentorial displacement and load distribution. This hypothesis and its potential implications for the study of skull architecture in association with brain growth remains to be fully explored.
Questions such as the above have traditionally been tested via interspecific analyses and with material from the fossil record. However, there are good reasons for advocating a prenatal ontogenetic framework for evaluating the relationship between differential encephalization and tentorial orientation. Firstly, because phylogeny is grounded on the accumulative variations of successive ontogenies (Garstang, 1922; De Beer, 1958 ) a given mechanistic explanation for evolutionary change can be equally well tested during ontogeny as it is with phylogenetic proxies such as extant interspecific samples (see also Gould, 1977) . Secondly, increases of brain size during prenatal ontogeny are considerable, giving clear a priori statements as to related changes of morphology that are decisive in testing the hypothesis.
Thirdly, the compounding of postural with brain size influences on tentorial orientation is limited to a greater extent during intra-uterine gestation than it is, for example, during postnatal development or with interspecific samples. Thus, fetal studies are particularly suited to testing the differential encephalization part of the hypothesis. Indeed, findings from prenatal human studies already indicate that the midline position of the tentorium rotates inferoposteriorly towards the foramen magnum during development (Hochstetter, 1939; Keith, 1948) . Furthermore, Moss et al. (1956) suggest that this process of rotation is associated with differential growth of the fetal brain. Recent studies demonstrate differential growth of the fetal supratentorial brain (e.g. Koop et al. 1986; Guihard-Costa & Larroche, 1990; Jeffery, 1999; Jeffery & Spoor, in press ), but the relationship with tentorial orientation remains to be evaluated in a statistically meaningful way. The present study aims to test the hypothesis that prenatal differential enlargement of the supratentorial brain, compared with the infratentorial brain, drives tentorial rotation. This predicts a significant negative correlation of the angle between the midline tentorium and posterior cranial base with increases of supratentorial volume relative to infratentorial volume. It is worth outlining possible alternatives with which to consider this statement in context. These include that the tentorium rotates posteriorly independently of differential brain growth due to, as yet, undefined determinants or that differential encephalization is accommodated elsewhere in the skull and there is no rotation, with the fetal configuration retained into adulthood. 29 weeks gestation. The sample distribution with regard to BPD is neither significantly skewed nor kurtotic (skew = -0.08, ns; kurtic = -0.25, ns), indicating that the sample is normally distributed.
Subjects and methods

Sample
Angular measures
Tentorial orientations were computed with landmark co-ordinates taken from midline images ( Figure 1a ).
The infratentorial angle (ITA) was measured from basion (Ba), sella (S) to the calvarial attachment of the tentorium cerebelli (Ct). These landmarks were used to allow for comparisons with studies on dry skulls using the internal occipital protuberance as an equivalent to Ct (see Huxley, 1863) . In the fetus this protuberance is inconsistently discerned. Thus Ct was defined here as the midline point on the endocranial surface of the calvaria where it is intersected by a line that is (1) projected from a point equidistant along the posterior margin of the confluence of sinuses and (2) perpendicular to the posterior margin of the confluence of sinuses ( Figure 1b) .
A previous investigation of the sample reveals that the cranial base angle (CBA), measured between foramen caecum (Fc), S and Ba, increases with fetal age (Jeffery & Spoor, in press ). Superimposition of this basicranial retroflexion on ITA from the shared chord Ba-S was offset by calculating an additional angle, the supratentorial angle (STA), as the number of degrees remaining after subtracting ITA and measures of CBA (see Figure 1b and Table 2 ). All angular measures were recorded to the nearest degree.
Volume measures
To as the denominator (see Jeffery & Spoor, in press ). This number of decimal places was used to conserve information provided in the absolute volumes measured.
Landmarks and measures are summarized in Table 2 . 
Statistical analysis
Simple bivariate relationships were evaluated with Spearman rank correlation coefficients ( r rank ) and
Model II reduced major axis (RMA) regressions. Trends that are more complex were evaluated with secondorder polynomial curve fittings. t -tests were used to test the statistical significance of rank correlation coefficients and RMA regressions. In all significance tests, a level of P < 0.05 was used to reject null hypotheses.
Results
Reliability of the study was evaluated with a one-way analysis of variance ( ANOVA ) of repeated measurements taken five times over five consecutive days for four randomly selected individuals (Table 3) . These results showed that errors incurred among repeated measurements are negligible in comparison with the biological variation between individuals. In other words, the null hypothesis that values for repeated measures from one individual fetus are the same was accepted ( P < 0.01).
The angular measurements and the relative brain proportions of the fetal sample at regular gestational intervals are given in Table 4 . Temporal trends of variables were evaluated with plots against estimated gestational age. Plots in Figure 3 .
The relationship between differential encephalization and STA was further evaluated with a direct bivariate comparison (Figure 4 ). This plot illustrates a linear trend with a significant negative slope and the correlation between STA and IDE is highly significant ( P < 0.001, 
Discussion
Results from the present study are in close agreement with those from previous investigations. The finding here and reported in Jeffery & Spoor (in press) , that the cranial base angle opens out, i.e. retroflexes, during human fetal development is consistent with that of other studies (e.g. Kvinnsland, 1971; Dimitriadis et al. 1995) . It is not, however, consistent with those studies reporting that the angle remains unchanged (e.g. Ford, 1956; Burdi, 1965) or flexes (e.g. Erdoglija, 1989; Van Den Eynde et al. 1992) . The pattern of differential encephalization with gestational age, also detailed by Jeffery & Spoor (in press) , is congruous with the scale of volumetric changes reported by Jenkins (1921) and Koop et al. (1986) . There are, however, notable absolute differences at specific intervals of age due to meth- Perhaps the lag in cerebellar growth (see above references) affects a decrease of supratentorial angle or is adequately accommodated elsewhere by, for example, widening of the posterior cranial fossa (see Ford, 1956 syndrome, can displace the midline ridge of the tentorium and the confluence of sinuses superiorly (Castan et al. 1975; Lang, 1991 (Stephan et al. 1981; Semendeferi et al. 1997; Rilling & Insel, 1998; Semendeferi & Damasio, 2000) . Furthermore, there is evidence of an evolutionary inferoposterior rotation of the tentorium cerebelli.
As early as 1863, Huxley showed that the angle of the tentorium cerebelli relative to the posterior cranial base is more acute in baboons and modern humans than in lemurs. More recently, Klintworth (1967) and Bull (1969) observed that the modern human tentorium is one of the most inferoposteriorly rotated amongst primates and mammals in general. That there are indications of interspecific as well as ontogenetic differential encephalization and tentorial rotation, with modern humans being perhaps the most derived, raises the possibility that comparative differences in the fetal relationship accumulated over phylogenetic time contributed, at least in part, to the apomorphic configuration seen in adult modern humans. However, it should be noted that interspecific trends do not necessarily reflect evolutionary histories of change (see Harvey & Pagel, 1991) and that the present study only examines part of the period over which ontogenetic change can occur. In particular, it is important to reiterate that the null hypothesis has yet to be systematically tested with either late fetal or postnatal material. It seems likely that interspecific differences during these later developmental stages, like for example differences of differential infratentorial enlargement, may also have contributed to the unique condition seen in modern humans, suggesting a more complex process than discussed above.
In addition to differential encephalization, changes of posture during human evolution are said to have further influenced the overall load on the tentorium and thus altered its relative position within the skull (Bull, 1969) . Amongst modern humans, the baseline of the midline tentorium, drawn from its anterior sphenoid to posterior occipital attachments, lies almost perpendicular to the gravity vector in a bipedal stance.
Thus, the weight of the cerebrum on the tentorium is comparatively greater in modern humans than it is, for example, in quadrupedal primates where the tentorium runs more obliquely to the vector of gravity. It therefore appears that the orientation of the tentorium has an uncommon potential for elucidating not one but two derived features of the modern human condition, namely an enlarged brain and obligatory bipedalism. The significance of tentorial configuration for studies of human evolution remains to be explored.
Perhaps the major implication of this paper is a practical one, concerning the approach used to study encephalization. The tentorium cerebelli and falx cerebri compartmentalize and structurally support the brain in three parts, two supratentorial and one infratentorial. These contain the two cerebral hemispheres and the cerebellum plus brainstem. Moreover, this general configuration is found throughout all primates (Klintworth, 1968) , many of which are used in studies to represent various primitive stages of the modern human condition. Despite this, recent key studies examining, for example, the effects of phylogenetic encephalization on skull base morphology, model the brain as a single amorphous volume or, at best, model the subdivisions of the brain independently (e.g. Ross & Ravosa, 1993; Ross & Henneberg, 1995; Spoor, 1997) . This paper questions such an approach of generalizing encephalization since it is shows variations in the orientation of the dural folds and proportions of the brain can potentially influence the load, and hence biomechanical demands, placed on different elements of the skull. The relationship between basicranial architecture and measures of differential encephalization have recently been explored elsewhere for fetal development (Jeffery & Spoor, in press ) and across extant adult primates (Lieberman et al. 2000) .
In conclusion, the findings confirm that during human fetal life the supratentorial compartment of the endocranial cavity enlarges disproportionately and that the midline orientation of the tentorium cerebelli rotates towards the foramen magnum. It is also substantiated that these changes are concomitant and suggested that insights into this trend, and the possible influence on the structural demands placed on the skull by the brain, will likely prove useful in understanding human development and evolution. Further concerted study is therefore warranted with material from the later stages of development, the fossil record and via interspecific analyses.
